High frequency stimulation of the subthalamic nucleus increases c-fos immunoreactivity in the dorsal raphe nucleus and afferent brain regions  by Tan, Sonny K.H. et al.
lable at ScienceDirect
Journal of Psychiatric Research 45 (2011) 1307e1315Contents lists avaiJournal of Psychiatric Research
journal homepage: www.elsevier .com/locate/psychiresHigh frequency stimulation of the subthalamic nucleus increases c-fos
immunoreactivity in the dorsal raphe nucleus and afferent brain regions
Sonny K.H. Tan a,b,d,e,*, Marcus L.F. Janssen a,b,d,e, Ali Jahanshahi a,d, Leonidas Chouliaras a,d,
Veerle Visser-Vandewalle b,e, Lee Wei Lim a,b,d,e, Harry W.M. Steinbusch a,d, Trevor Sharp c,
Yasin Temel a,b,d,e
aDepartment of Neuroscience, Faculty of Health Medicine and Life Sciences, Maastricht University, P.O. Box 616, 6200 MD Maastricht, The Netherlands
bDepartment of Neurosurgery, Maastricht University Medical Center, The Netherlands
cDepartment of Pharmacology, University of Oxford, United Kingdom
d European Graduate School of Neuroscience (EURON), The Netherlands
eMaastricht Institute for Neuromodulative Development (MIND), The Netherlandsa r t i c l e i n f o
Article history:
Received 13 January 2011
Received in revised form
27 April 2011







Dorsal raphe nucleus* Corresponding author. Department of Neuroscienc
and Life Sciences, Maastricht University, P.O. Box 61
Netherlands. Tel.: þ31 43 3881174; fax: þ31 43 36710
E-mail address: s.tan@maastrichtuniversity.nl (S.K
0022-3956  2011 Elsevier Ltd.
doi:10.1016/j.jpsychires.2011.04.011
Open access under the Elseva b s t r a c t
High frequency stimulation (HFS) of the subthalamic nucleus (STN) is the neurosurgical therapy of choice
for the management of motor deﬁcits in patients with advanced Parkinson’s disease, but this treatment
can elicit disabling mood changes. Our recent experiments show that in rats, HFS of the STN both inhibits
the ﬁring of 5-HT (5-hydroxytryptamine; serotonin) neurons in the dorsal raphe nucleus (DRN) and
elicits 5-HT-dependent behavioral effects. The neural circuitry underpinning these effects is unknown.
Here we investigated in the dopamine-denervated rat the effect of bilateral HFS of the STN on markers of
neuronal activity in the DRN as well as DRN input regions. Controls were sham-stimulated rats. HFS of
the STN elicited changes in two 5-HT-sensitive behavioral tests. Speciﬁcally, HFS increased immobility in
the forced swim test and increased interaction in a social interaction task. HFS of the STN at the same
stimulation parameters, increased c-fos immunoreactivity in the DRN, and decreased cytochrome C
oxidase activity in this region. The increase in c-fos immunoreactivity occurred in DRN neurons
immunopositive for the GABA marker parvalbumin. HFS of the STN also increased the number of c-fos
immunoreactive cells in the lateral habenula nucleus, medial prefrontal cortex but not signiﬁcantly in the
substantia nigra. Collectively, these ﬁndings support a role for circuitry involving DRN GABA neurons, as
well as DRN afferents from the lateral habenula nucleus and medial prefrontal cortex, in the mood effects
of HFS of the STN.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Currently, high frequency stimulation (HFS) of the subthalamic
nucleus (STN) is the neurosurgical therapy of choice for treatment-
resistant patients with advanced Parkinson’s disease (PD).
Randomized controlled trials have shown that HFS of the STN was
superior over best medical treatment (Deuschl et al., 2006;
Weaver et al., 2009; Williams et al., 2010). Despite improving
motor disability, in some patients HFS of the STN induces mood
disorders such as depression and increased impulsivity (Berneye, Faculty of Health Medicine
6, 6200 MD Maastricht, The
96.
.H. Tan).
ier OA license.et al., 2002; Houeto et al., 2002; Temel et al., 2006a). In addi-
tion, evidence suggests that the risk of suicide and suicide
attempts increases signiﬁcantly (Soulas et al., 2008; Voon et al.,
2008). These mood-related side-effects often mitigate the posi-
tive effects on motor symptoms and negatively inﬂuence the
quality of life of patients and their families (Schrag et al., 2000;
Troster et al., 2003).
Depression, impulsivity and suicide are associated with
a dysfunctional 5-hydroxytryptamine (5-HT; serotonin) system
(Mann, 2003; Smith et al., 1997). Recently we found that, in a rat
model of PD, bilateral HFS of the STN inhibited the ﬁring rate of
5-HT neurons of the dorsal raphe nucleus (DRN) and induced 5-HT-
dependent changes in depressive-like behavior (Hartung et al.,
2011; Temel et al., 2007). Furthermore, in microdialysis studies
HFS of the STN was reported to decrease 5-HT release in the rat
S.K.H. Tan et al. / Journal of Psychiatric Research 45 (2011) 1307e13151308forebrain (Navailles et al., 2010), andwe have observed this effect in
similar studies (Tan et al., 2010a). These ﬁndings support the idea
that changes in mood induced by HFS of the STN are caused by
reduced 5-HT function.
The neural circuitry underpinning the effect of HFS of the STN on
5-HT neurons is not known but likely involves indirect projections
from the STN to the DRN. Thus, although there is no direct
projection from the STN to the DRN (Peyron et al., 1998), projec-
tions from the STN target regions with major inputs to the DRN
including the medial prefrontal cortex (mPFC), lateral habenula
nucleus (LHb) and substantia nigra reticulata (SNr) and compacta
(SNc) (Aghajanian and Wang, 1977; Hajos et al., 1998; Jankowski
and Sesack, 2004; Kirouac et al., 2004; Varga et al., 2001). GABA
neurons in the DRN may be a key part of the circuitry because they
inhibit nearby 5-HT neurons (Liu et al., 2000) and are selectively
targeted by inputs from the mPFC and LHb (Hajos et al., 1998; Varga
et al., 2003, 2001).
The present study used molecular markers of neural activity to
test the hypothesis that HFS of the STN alters the function of GABA
neurons in DRN, as well as DRN input regions. The principle marker
used was the activity-dependent immediate early gene c-fos, sup-
plemented by measurements of the metabolic enzyme cytochromeFig. 1. Effect of 6-OHDA lesions on TH expression in the SNc. TH immunocytochemistry
VTA ¼ ventral tegmental area; scale bar ¼ 500 mm). Grouped data for TH-positive neurons i
groups. Illustrative coronal section that shows the histological veriﬁcation of the electrode
incerta; bar ¼ 150 mm) (D).C oxidase. Initial experiments established STN stimulation param-
eters that would evoke behavioral changes in 5-HT-dependent tests
of emotionality.2. Material and methods
2.1. Animals
Male Lewis rats (280e320 g, Maastricht University) were
housed individually under conditions of constant temperature
(20e22 C) and humidity (60e70%) with a reversed light/dark cycle
(lights on 17he05h). Rats had access to water and food ad libitum.
Experiments were ethically reviewed and approved by the Animal
Experimental Committee of Maastricht University.2.2. Experimental groups
Rats were randomly assigned to one of three groups: i) neuro-
surgical sham-control without STN electrode implants (n ¼ 6), ii)
dopamine lesion without STN electrode implants (n ¼ 10) and iii)
dopamine lesion with STN electrode implants (n ¼ 12).of a control rat (A) and a 6-OHDA treated rat (B) (SNc ¼ substantia nigra compacta;
n the SNc presented in means  s.e.m (C), *p < 0.05 control versus non-stim and stim
location in the STN (CP ¼ cerebral peduncle; STN ¼ subthalamic nucleus; ZI ¼ zona
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Rats were dopamine-denervated by bilateral intra-striatal
injection of 6-hydroxy-dopamine (6-OHDA). Rats were pretreated
(1 h) with desipramine (20 mg/kg i.p.) prior to induction and
maintenance of general anesthesia using a combination of ket-
amine (90 mg/kg i.p.) and xylazine (10 mg/kg i.p.), and placement
in a stereotactic frame (Stoelting, Wood Dale, USA; model 51653).
Either 6-OHDA (5 mg/ml 6-OHDA in 0.9% saline with 0.2% ascorbic
acid) or vehicle (0.9% saline with 0.2% ascorbic acid) was injected
bilaterally (2 ml at 0.5 ml/min) in two striatal locations (coordinates
according to bregma and skull surface APþ0.7mm,MLþ/2.8mm,
DV -5.0 mm and AP -0.4 mm,MLþ/3.4mm, DV -5.0 mm; (Paxinos
and Watson, 1998)). Bipolar stimulating electrodes were then
implanted bilaterally into the STN (AP -3.8 mm, MLþ/2.5 mm, DV
-8.0 mm) and ﬁxed in place using dental cement (Heraeus Kulzer,
Germany) and skull screws, as described previously (Tan et al.,
2010b). For animals in both neurosurgical sham-controls and
dopamine lesion, electrodes were inserted bilaterally into the STN
but then removed before closing the skull.
2.4. High frequency stimulation
Rats were allowed a minimum of 3 weeks to recover from
surgery before proceeding with stimulation and behavioral testing.
Bipolar stimulation parameters (130 Hz, 60 ms, 150 mA) were clini-
cally relevant and previously shown in animal models to evoke
changes in emotional and cognitive responses, and inhibit 5-HT
neuronal activity (Tan et al., 2010b; Temel et al., 2007, 2005b).
Stimulation was delivered via a stimulus isolator (A360, World
Precision Instruments) driven by a stimulus generator (World
Precision Instrument, A310 Accupulser, Germany) connected to
a digital oscilloscope (Agilent 54622D oscilloscope, Agilent Tech-
nologies, the Netherlands) to monitor current output (Tan et al.,
2010b; Temel et al., 2004). Stimulation was delivered daily, either
for the duration of the behavioral paradigm on testing days or for
30 min on non-testing days.
2.5. Behavioral measurements
2.5.1. Forced swim test
Rats were tested in the forced swim test (FST), which is a well-
validated model of depressive-like behavior and sensitive to 5-HT
manipulations (Cryan et al., 2002). The FST was carried out using
clear Perspex cylinders (height 50 cm diameter 20 cm) ﬁlled with
water (30 cm deep, 25 C) and surrounded by black walls. On theFig. 2. Effects of HFS of the STN on immobility time in the forced swim test (A) and snif
(*p < 0.05 stim versus non-stim rats).pretest day, rats were placed individually in a water-ﬁlled cylinder
for 15 min. This was repeated on the test day (24 h later) for 5 min,
while stimulation was applied to rats with implanted electrodes
(Temel et al., 2007). All sessions were videotaped and analyzed
independently by two investigators. Immobility was deﬁned as the
time of nomovement orminor movements whilst keeping the nose
above the water (Van den Hove et al., 2005).
2.5.2. Social interaction
Rats were also tested in a social interaction test in which
increased social interaction is associated with decreased 5-HT
levels (Collins et al., 1979; Tonissaar et al., 2008). The protocol was
as previously described (File and Hyde, 1978) with modiﬁcation
(Kask et al., 2001). In brief, two weight-matched rats with
implanted STN electrodes were taken from their home cages and
placed in a novel test environment (50  50 cm open ﬁeld) for
5 min during which one of the two rats was stimulated. Sessions
were recorded on video and analyzed off-line by two investigators
who scored the time the stimulated rat spent snifﬁng, following
and crawling under and over the non-stimulated rat.2.6. Histological and immunocytochemical staining
Following the behavioral experiments, rats with STN electrodes
were stimulated (30 min) on one ﬁnal occasion and sacriﬁced. Two
hours after the last stimulation rats were perfused transcardially
with Tyrode’s buffer (0.1 M) and ﬁxative containing 4% para-
formaldehyde, 15% picric acid and 0.05% glutaraldehyde in 0.1M
phosphate buffer (pH 7.6) at 4 C. Brains were then removed and
post-ﬁxed for 2 h at 4 Cprior to overnight immersion in 15% sucrose
at 4 C. Finally, brains were snap-frozen in solid carbon dioxide and
stored at 80 C before being sectioned serially (30 mm) using
a cryostat. Sections were then kept at 80 C before staining.
2.6.1. Electrode localization
Coronal sections containing the STN region and the electrode
trajectory were mounted on gelatin-coated slides, and stained with
a standard hematoxylin-eosin (Merck, Darmstadt, Germany)
histological procedure (Tan et al., 2010b) prior to evaluation of the
location of the electrode tip.
2.6.2. Tyrosine hydroxylase immunocytochemistry
Dopaminergic lesions were veriﬁed by tyrosine hydroxylase
(TH) immunocytochemistry. Sections containing the SNc were
incubated overnight with the mouse anti-TH primary antibody
(1:8000 dilution, kindly supplied by Dr. C. Cuello, Canada), washedﬁng behavior in the social interaction test (B). Mean time  s.e.m values are shown.
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then incubated with the secondary antibody (donkey anti-mouse
biotin, 1:800 dilution, Jackson Immunoresearch Laboratories,
West Grove, USA). This was followed by 2 h exposure to avidin-
biotin-peroxidase complex (Elite ABC kit, Vectastain; Vector Labo-
ratories, Burlingame, USA), and the horseradish peroxidase
complex was visualized using a 3,3-diaminobenzidine (DAB) solu-
tion. Brain sections were mounted on gelatin-coated slides,
air-dried, dehydrated and cover-slipped using Pertex (Histolab
Products ab, Göteborg, Sweden).
TH-positive cells in the SNc were counted using stereology
(CAST-GRID-Computer Assisted Stereological Toolbox; Olympus,
Hamburg, Germany). After delineating the SNc using microscopic
video images, cell numbers were determined using an optical
fractionator (Schmitz and Hof, 2005). The area of interest was
analyzed in a systematic-random fashion as described previously
(Temel et al., 2006b).Fig. 3. Effect of HFS of the STN on c-fos expression in the DRN. Representative pictures taken
rat (C). Cumulative data of c-fos neurons in the DRN (D), *p < 0.01; stim vs control; #p < 0.0
wing (bar ¼ 200 mm).2.6.3. c-fos immunocytochemistry and double-labeling with
parvalbumin
Brain sections were processed for c-fos immunocytochemistry.
In brief, sections were incubated overnight with polyclonal rabbit
anti-c-fos primary antibody (1:10,000; Santa Cruz Biotechnology
Inc, Santa Cruz, USA) and then, after washing, biotinylated donkey
anti-rabbit secondary antibody (1:800; Jackson Immunoresearch
Laboratories Inc., Westgrove, USA). Visualization of the HRP
product was similar to that used for TH immunostaining except
with nickel enhancement.
A series of sections from STN stimulated rats were examined for
double-labeling of c-fos and parvalbumin, a calcium-binding
protein expressed by a subpopulation of putative GABAergic
neurons (Celio,1990; Charara andParent,1998). These sectionswere
incubated with the primary antibodies, rabbit anti-c-fos (1:5000;
Santa Cruz Biotechnology Inc, Santa Cruz, USA) and mouse anti-
parvalbumin (dilution 1:5000; Swant, Bellinzona, Switserland), forfrom a non-stimulated control (A), non-stimulated 6-OHDA (B) and stimulated 6-OHDA
5 stim vs non-stim. Aq: aqueduct, MLF: medial longitudinal fasciculus, LW: DRN lateral
Fig. 4. Effect of HFS of the STN on GABA neurons in the DRN lateral wings. A repre-
sentative high power confocal ﬂuorescent image of parvalbumin (green) and c-fos
(red) double-labeled cells, which are located in the DRN lateral wing and indicated by
the arrows. MLF: medial longitudinal fasciculus (bar ¼ 200 mm). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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rabbit alexa 594 (1:200, Invitrogen, Breda, the Netherlands) and
donkey anti-mouse alexa 488 (1:200, Invitrogen, Breda, the
Netherlands). Sections were then washed, mounted on gelatin-
coated glasses and cover-slipped with 80% glycerol in TBS.
Stained sections were photographed (4 magniﬁcation) using
a camera (Olympus DP70) mounted on a bright-ﬁeld microscope
(Olympus AX70). Cells immunopositive for c-fos were counted
automatically (cell P program, Olympus) as described previously
(Moers-Hornikx et al., 2009). The mean number of cells was cor-
rected for surface area and expressed as cells/mm2. Fluorescent
parvalbumin/c-fos double-labeled cellswere visualized using a Disk
Spinning Unit microscope (Olympus DSU BX51WI, Pennsylvania,
USA). Typically, parvalbumin-positive cells had a green-stained
cytoplasm with adjoining axon whereas c-fos-positive cells had
a deep red nuclear staining. Co-localization of these ﬂuorescent
signals in a single cell was evaluated using confocal imaging.
2.6.4. Cytochrome C oxidase histochemistry
A series of brain sections were processed for cytochrome C
oxidase (COX) histochemistry. COX activity was used as a marker of
metabolic activity in the DRN. Tissue sections were mounted on
gelatin-coated slides and air-dried overnight prior to incubation in
a nickel enhanced 0.1 M HEPES solution (1% nickel chloride, pH 7.4)
containing 0.0224% cytochrome C oxidase (equine heart, Sigma-
eAldrich, the Netherlands), 0.115% DAB and 4.5% sucrose. Sections
were incubated at 37 C under constant shaking in the dark for 6 h
before being transferred to a neutral buffered formaldehyde
medium for 10 min to stop the reaction. This was followed by
ethanol dehydration, xylene treatment and DEPEX ﬁxation.
COX activity was analyzed using a slightly modiﬁed method
described previously (Kaya et al., 2008). COX activity was quantiﬁed
by measurement of inversed optical density (ImageJ software
version 1.41; U. S. National Institutes of Health, Bethesda, USA) in
digital photographs taken using a light microscope (Olympus
AX70) and connected to a digital camera (Olympus U-CMAD-2;
analySIS imaging system, Münster, Germany). The inversed optical
density, which is inversely related to COX activity (i.e. value of zero
is a dark staining and reﬂects highmetabolic activity), was obtained
from 3 DRN images per rat (AP -7.6 mm, 7.8 mm and 8.0 mm)
and corrected for measured surface area (mm2).
2.7. Statistical analysis
Data are presented as mean  S.E.M. values. Histological and
behavioral datawere analyzed statistically using a one-way ANOVA
with an LSD post-hoc multiple comparisons test. Because STN
stimulation was performed bilaterally, data from bilateral struc-
tures were pooled. All statistical analyses were performed with
SPSS 15.0 version for Windows. P values lower than 0.05 were
considered statistically signiﬁcant.
3. Results
3.1. Validation of dopamine lesions and electrode implantations
Rats receiving bilateral intra-striatal injections of 6-OHDA
demonstrated a signiﬁcant reduction in TH-positive cells in the SNc
compared to sham-controls (p < 0.01, Fig. 1AeC). Stimulating
electrodes were positioned bilaterally and symmetrically (inter-
electrode variation <0.1 mm) in the STN in all rats except two, for
which electrodes were located in the zona incerta. The latter rats
were excluded from the analysis. No signs of signiﬁcant histological
damage due to implantation or chronic stimulation were observed
(Fig. 1D).3.2. Effect of HFS of the STN in FST and social interaction test
In the FST, bilateral HFS of the STN caused a signiﬁcant increase
in immobility time compared to non-stimulated (stimulation off)
controls, indicating increased behavioral despair (Fig. 2A). In the
social interaction task, HFS of the STN evoked signiﬁcantly more
snifﬁng behavior in comparison to non-stimulated rats (p < 0.05).
However, crawling and following behavior remained unchanged
(Fig. 2B). The increase in social interaction is in line with a previous
report showing increased social interaction in 5-HT-depleted rats
(Collins et al., 1979).3.3. Effect of HFS of the STN on c-fos immunoreactivity in the DRN
Bilateral HFS of the STN increased the number of c-fos positive
neurons in the DRN compared to non-stimulated controls
(Fig. 3AeD). This effect was apparent in both median and lateral
subdivisions of the DRN. Thus, c-fos counts in the median subdi-
visions were greater in stimulated compared to non-stimulated rats
(stimulated 7.13  0.41 vs control 2.90  0.75 cells/mm2 and non-
stimulated 3.39  2.30 cells/mm2; p < 0.01), and this was also the
case for the lateral subdivisions (stimulated vs control; respectively
12.99  0.92 and 5.92  1.66 cells/mm2; p < 0.05).
In STN stimulated rats the number of c-fos positive cells in the
lateral subdivisions was higher compared to the median subdivi-
sions (lateral wings vs central DRN; respectively 12.99  0.92 vs
7.13  0.41 cells/mm2; P < 0.01).
To characterize the identity of the c-fos-positive DRN neurons,
sections were assessed for immunoﬂuorescent double-labeling
with parvalbumin, which marks GABA neurons. Parvalbumin-
positive cells were predominantly present in the lateral aspects of
the DRN. HFS of the STN evoked immunoﬂuorescent c-fos positive
cells throughout the DRN, as described above. Qualitative assess-
ment showed parvalbumin/c-fos co-localized cells situated within
the lateral aspects (Fig. 4). No double-labeled cells have been
observed in the median parts of the DRN.
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Experiments examined the effect of HFS of the STN onmetabolic
activity in the DRN, as assessed by COX activity. It was found that
compared to non-stimulated controls, HFS of the STN signiﬁcantly
increased the inversed optical density measurements of COX in the
DRN (P < 0.05), indicative of an overall lower level of metabolic
activity in this region (Fig. 5AeD). Interestingly, COX activity in the
DRN of dopamine-lesioned rats was signiﬁcantly higher than non-
lesioned rats (P < 0.05; i.e. decreased inversed optical density
ratio). This is in line with our previous ﬁndings (Kaya et al., 2008).3.5. Effect of HFS of the STN on c-fos immunoreactivity in mPFC,
LHb and SN
Experiments investigated the effect of HFS of the STN on c-fos
immunoreactivity in speciﬁc regions with direct neural projections
to the DRN. In STN stimulated rats, the number of c-fos positive
neurons in the medial part of the LHbwas signiﬁcantly greater than
non-stimulated controls (P < 0.05) (Fig. 6AeD). In addition, the
number of c-fos positive cells in the prelimbic cortex was greater in
STN stimulated compared to non-stimulated rats, whereas c-fos
counts in the infralimbic cortex was not different between groups
(Fig. 6EeH). Finally, the number of c-fos positive neurons in the SNr
and SNc tended to be greater in STN stimulated versus non-Fig. 5. Effect of HFS of the STN on COX activity in the DRN. Representative pictures of the
stimulated 6-OHDA rat (C). The white dashed line represents the delineation of the DRN us
ratio (mean  s.e.m.) (D). *p < 0.05 Inversed optical density ratio non-stim vs control. **p
longitudinal fasciculus (bar ¼ 200 mm).stimulated control rats but this effect was not statistically signiﬁ-
cant (P > 0.05, Fig. 6IeJ).4. Discussion
Although HFS of the STN improves motor disability in patients
with advanced PD, psychiatric side-effects overshadow these
therapeutic beneﬁts in some patients (Temel et al., 2006a; Troster
et al., 2003). Indeed, clinical depression has recently been recog-
nized as a major risk factor for post-operative suicide associated
with HFS of the STN (Soulas et al., 2008; Voon et al., 2008).
Depression is linked to low 5-HT, and ourselves and others have
recently reported that in rodent PD models, HFS of the STN inhibits
the ﬁring of 5-HT neurons in the DRN and decreases extracellular
5-HT in forebrain regions (Hartung et al., 2011; Navailles et al.,
2010; Temel et al., 2007; Tan et al., 2010a). The neural circuitry,
which mediates the inhibitory effect of HFS of the STN on the 5-HT
system is unknown. The current experiments demonstrated that
HFS of the STN increased c-fos immunoreactivity in the DRN and in
speciﬁc DRN input regions. Moreover, ﬁndings indicated that this
increase in c-fos immunoreactivity in the DRN co-localized in
neurons expressing the GABAergic marker, parvalbumin.
Initial experiments demonstrated that rats with bilateral intra-
striatal injections of the dopamine neurotoxin 6-OHDA had
a marked loss of TH immunoreactivity in the SNc, indicative of anDRN region of a non-stimulated control rat (A), non-stimulated 6-OHDA rat (B) and
ed to measure optical density ratio (A). Cumulative data of DRN inverse optical density
< 0.05 stim vs control and #p < 0.001 stim vs non-stim. Aq: aqueduct, MLF: medial
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these animals, HFS of the STN at clinically relevant stimulation
parameters, both increased immobility in the FST and increased
snifﬁng in a social interaction test. Both effects are consistent with
decreased 5-HT transmission (Collins et al., 1979; Cryan et al., 2002;
Higgins et al., 1988, 1992; Hogg et al., 1994), and previously we
found that the increase in immobility induced by HFS of the STN
was prevented by SSRI treatment (Temel et al., 2007).
At the same stimulation parameters used in the behavioral
experiments, HFS of the STN reduced the activity of COX in the DRN,
suggesting an overall decrease in metabolic activity in this region
over a longer period of time. This reduction came on top of elevated
baseline COX activity in non-stimulated 6-OHDA animals that was
apparent when compared to naive controls. The ﬁnding of elevated
COX activity in the DRN of 6-OHDA lesioned rats conﬁrms our
earlier study (Kaya et al., 2008), which also reported increased
ﬁring of DRN 5-HT neurons in such animals as also observed by
others (Wang et al., 2009; Zhang et al., 2007).
Since 5-HT neurons comprise the large majority (around 50%) of
neurons in the DRN (Steinbusch, 1981), it seems entirely plausible
that the decrease in metabolic activity measured by COX activity
evoked by HFS of the STN, reﬂects the decrease in 5-HT cell ﬁring
detected in electrophysiological studies (Hartung et al., 2011; Temel
et al., 2007). To better understand the chemical identity of DRNFig. 6. Effect of HFS of the STN on DRN afferent nuclei. Expression of c-fos in the medial aspe
and stimulated 6-OHDA rats (C, G). Cumulative data in means  s.e.m for the LHb (*p< 0.001
(H). No change in c-fos expression in the SNr (I) and the SNc (J) after STN HFS. 3rdV: Th
infralimbic cortex, LHl: laterolateral habenula, LHm: mediolateral habenula, MH: medial haneurons modulated by HFS of the STN immunoreactivity of the
immediate early gene c-fos was measured in the DRN. It was found
that HFS of the STN increased c-fos immunoreactivity in DRN
neurons, and this effect was apparent across speciﬁc DRN subdi-
visions. Distinct forebrain projections arise from DRN subdivisions
(Commons et al., 2003; Jacobs et al., 1978; Molliver, 1987; O’Hearn
and Molliver, 1984) and these may regulate speciﬁc behavioral
responses (Commons et al., 2003; Roche et al., 2003). Interestingly,
c-fos positive neurons were located mostly in the lateral wings of
the DRN, which are abundant in GABA neurons (Allers and Sharp,
2003). This result is in line with previous data showing swim
stress to induce c-fos expression in the lateral DRN (Roche et al.,
2003). Moreover, double-labeling experiments revealed that
these c-fos-positive neurons co-localized the GABA neuron marker
parvalbumin, which is present in a subset of putative GABA neurons
in the DRN (Charara and Parent, 1998). It should also be noted that
some c-fos-positive neurons was observed in the medial DRN that
were not parvalbumin-positive. This ﬁnding is consistent with our
recent observation that a subpopulation of putative 5-HT neurons
(24%) were excited by HFS of the STN (Hartung et al., 2011).
However, microdialysis data suggest that the overall effect of HFS of
the STN on the 5-HT system is inhibitory (Navailles et al., 2010; Tan
et al., 2010a). Moreover, it should be pointed out that the medial
DRN also contains many non-5-HT containing neurons (Chararact of the LHb and mPFC of non-stimulated control (A, E), non-stimulated 6-OHDA (B, F)
stim vs control; #p < 0.01 stim vs non-stim) (D) and mPFC (*p < 0.05 stim vs non-stim)
ird ventricle, CG1: cingulate cortex 1, FMI: forceps minor of the corpus callosum, IL:
benula, PrL: prelimbic cortex (bar ¼ 200 mm).
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the idea that the main effect of HFS of the STN in the DRN is to
activate local GABA neurons, which synapse with and inhibit
nearby 5-HT neurons.
Since there is no evidence of a direct projection from the STN to
the DRN, the DRN GABA neurons are likely activated by afferent
inputs. Interestingly, HFS of the STN increased c-fos immunoreac-
tivity in the LHb. Previous neuroanatomical and electrophysiolog-
ical data suggest that there is an excitatory glutamate projection
from the LHb to the DRN, which selectively activates GABA neurons
to inhibit nearby 5-HT neurons (Aghajanian andWang, 1977; Sharp
et al., 2007; Varga et al., 2003; Wang and Aghajanian, 1977).
Although the present study did not prove that the LHb neurons
activated by HFS of the STN, projected to the DRN, the c-fos positive
neurons were located in the medial aspect of the LHb that is the
primary source of DRN afferents (Aghajanian and Wang, 1977;
Peyron et al., 1998). Therefore, excitatory projections from the
LHb to the DRN GABA neurons are a candidate neural substrate for
the inhibition of DRN 5-HT neurons by HFS of the STN. The STN
does not, however, directly project to the LHb but indirectly
through the ventral pallidum and entopeduncular nucleus
(Groenewegen and Berendse,1990; Groenewegen et al., 1993; Nagy
et al., 1978).
HFS of the STN also increased c-fos immunoreactivity in the
prelimbic cortex of the mPFC, another source of input to the DRN
(Hajos et al., 1998; Jankowski and Sesack, 2004; Peyron et al., 1998;
Sesack et al., 1989; Vertes, 2006). Indeed, electrical stimulation of
the mPFC, including the prelimbic area, inhibits 5-HT cell ﬁring in
the DRN via activation of DRN GABAergic neurons (Hajos et al.,
1998; Varga et al., 2003, 2001). The STN is known to project to
the mPFC directly via a subthalamic-cortical projection (Degos
et al., 2008) but also indirectly through basal ganglia-thalamo-
cortical connections (Temel et al., 2005a). A recent study using
optogenetic techniques suggested that subthalamic-cortical
connections contribute to the effects of HFS of STN (Gradinaru
et al., 2009). Thus, another candidate substrate for the inhibition
of 5-HT neurons is the excitatory input from the prelimbic cortex to
the DRN GABA neurons.
Another candidate pathway for the inhibition of 5-HT neurons
by HFS of the STN is the SN. The SN projects to the DRN and receives
powerful inputs from the STN (Kalen et al., 1988; Kirouac et al.,
2004; Kirouac and Pittman, 2000). Part of the evidence for a role
for the SN are case reports that HFS of this brain area induces acute
depressive symptoms (Bejjani et al., 1999; Blomstedt et al., 2008). In
the present study, HFS of the STN caused a tendency for an increase
in the number of c-fos immunoreactive cells in the SNr and SNc, but
this effect was not statistically signiﬁcant. Although STNeSNeDRN
connectivity does not show up as a potential substrate for the
inhibition of 5-HT cell ﬁring, it cannot be completely ruled out.
In summary, the current data show that in an animal model of
PD, HFS of the STN, at clinically relevant stimulation parameters
which evoked changes in learned helplessness and social interac-
tion increased c-fos immunoreactivity in DRN GABA neurons and
decreased metabolic activity in this region. HFS of the STN also
increased c-fos immunoreactivity in neurons in the LHb and pre-
limbic cortex which are DRN input regions. These data are consis-
tent with the view that HFS of the STN activates DRN GABA neurons
to inhibit 5-HT neuronal activity and trigger mood changes, and
that DRN afferents from the LHb and mPFC may be involved.
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